Weanling pigs (n = 160) were used to evaluate dietary essential microminerals (Cu, Fe, Mn, Se, and Zn) on performance, tissue minerals, and liver and plasma enzymatic activities during a 35-d postweaning period. A randomized complete block design with 5 treatments and 8 replicates was used in this study. Organic microminerals were added to complex nursery diets at 0 (basal), 50, 100, or 150% of the requirements of microminerals listed by the 1998 NRC. A fifth treatment contained inorganic microminerals at 100% NRC and served as the positive control. Pigs were bled at intervals with hemoglobin (Hb), hematocrit (Hct), glutathione peroxidase, and ceruloplasmin activities determined. Six pigs at weaning and 1 pig per pen at d 35 were killed, and the liver, heart, loin, kidney, pancreas, and the frontal lobe of the brain were collected for micromineral analysis. The liver was frozen in liquid N for determination of enzymatic activities. The analyzed innate microminerals in the basal diet met the NRC requirement for Cu and Mn but not Fe, Se, and Zn. Performance was not affected from 0 to 10 d postweaning, but when microminerals were added to diets, ADG, ADFI, and G:F improved (P < 0.01) from 10 to 35 d and for the overall 35-d period. Pigs fed the basal diet exhibited parakeratosis-like skin lesions, whereas those fed the supplemental microminerals did not. This skin condition was corrected after a diet with the added microminerals was fed. When the basal diet was fed, Hb and Hct declined, but supplemental microminerals increased Hb and Hct values. Liver catalase activity increased (P < 0.01) when microminerals were fed. The Mn superoxide dismutase activity tended to decline quadratically (P = 0.06) when supplemental microminerals were fed above that of the basal diet. Liver plasma glutathione peroxidase activities were greater (P < 0.01) when dietary organic and inorganic micromineral were fed. Liver concentrations of microminerals increased linearly (P < 0.01) as dietary microminerals increased, indicating that the liver was the primary storage organ. Micromineral tissue concentrations were least in pigs fed the basal diet and increased (quadratic, P < 0.01) to the 50% level of organic microminerals in the various tissues collected. The results indicated that innate microminerals, Cu and Mn, from a complex nursery diet may meet the micromineral needs of the weaned pig, but the need for Fe, Se, or Zn was not met by the basal diet.
INTRODUCTION
The NRC (1998) micromineral requirements for swine specify a dietary need for inorganic elements. The NRC (1998) further states that the innate portion of the diet is included within the listed requirements. However, it is common practice that micromineral premixes and diets are formulated that ignore the contribution of these innate microminerals. This is largely because of their unknown bioavailabilities and variable concentrations in grains and other feedstuffs. In addition, most commercial premixes provide additional microminerals greater than the listed requirement, such that many diets greatly exceed published requirements. Kim and Lindemann (2007) recently reviewed the NRC micromineral levels recommended since 1944 and concluded that except for Se and Mn, dietary requirements have remained essentially unchanged. Most micromineral research conducted over the past 4 decades has primarily used inorganic sources, purified or semipurified diets, and pigs genetically differed from those used today. Each of these factors could affect the micromineral requirement of the pig.
A factor that may affect the micromineral requirements is the form of the mineral added to the diet. Although various sources of organic microminerals are marketed, their efficacy is largely unknown. Schiavon et al. (2000) and Creech et al. (2004) , evaluating organic and inorganic microminerals, reported similar pig performances. In general, the effect of supplementing swine diets with various dietary micromineral levels on performance responses, tissue retentions, and specific enzymatic activities associated with each micromineral is not well explored, particularly when practical diets are fed.
To begin examining the micromineral needs of swine, we presumed that the innate microminerals were not bioavailable and added the essential microminerals to the diet in the same ratio as listed by NRC (1998) . Various response criteria were assessed to determine the effect of micromineral sources and their dietary levels on weanling pigs.
MATERIALS AND METHODS
The experimental use of animals and procedures followed for their management, the collection of blood and tissues, and euthanasia procedures were approved by the Institutional Animal Care and Use Committee of The Ohio State University.
Experimental Design and Treatments
This experiment evaluated the addition of increasing dietary microminerals (Cu, Fe, Mn, Se, and Zn) fed to weanling pigs for 35 d postweaning on performance, tissue mineral content, and enzyme activities in the blood and liver tissue. The experiment was conducted with a randomized complete block design in 8 replicates. The treatments consisted of organic microminerals added at 0, 50, 100, and 150% of NRC (1998) requirements, and a fifth treatment (positive control) at the 100% NRC (1998) requirement level provided as inorganic minerals. It was presumed that the innate microminerals from the remainder of dietary components were not bioavailable and the micromineral premixes used in this experiment were added as a percentage of the total dietary requirements (NRC, 1998) .
The organic microminerals added to their respective treatment diets were chelated to soy protein hydrolyslates (Bioplex, Alltech Inc., Nicholasville, KY), except for Se, which was provided as selenomethionine in yeast protein (Sel-Plex, Alltech Inc.) . Inorganic microminerals were in the sulfate form, except for Se, which was provided as Na selenite and Mn as Mn oxide.
A total of 160 crossbred [(Yorkshire × Landrace) × PIC (Line 280)] pigs were allotted (n = 4 pigs/pen) at weaning (18 ± 2 d) to the 5 dietary treatments based on BW, ancestry, and sex. Pens contained plastic-coated expanded metal floors (0.375 m 2 per pig), a stainlesssteel nipple waterer, and a 4-hole stainless-steel feeder. Pigs were weighed at 0, 10, and 35 d postweaning with feed intake determined for the 0-to 10-d and 10-to 35-d periods.
Diet Composition
Complex nursery diets comprised of corn, soybean meal, soy protein concentrate, dried whey, and plasma protein were fed during the postweaning period (Table  1) . Because commercial macromineral sources generally contain increased concentrations of microminerals, especially Fe and Mn, a refined source of Ca carbonate (i.e., chalk) and Na phosphate (dibasic) was used as the Ca and P source. Diets for each phase were formulated to meet the nutritional needs of the pig (NRC, 1998), except for the microminerals Cu, Fe, Mn, Se, and Zn. Phytase was not incorporated into the diets because we did not want it to affect mineral bioavailability of the innate or supplemental micromineral sources. The analyzed mineral composition of the basal diets for the 0-to 10-d and 10-to 35-d periods is presented in Table  2 along with the NRC (1998) requirements for these microminerals. The micromineral premixes used in this study were analyzed for their mineral contents and were within the calculated range of the added concentration within each premix and are not reported.
Tissue and Blood Collection Methods
Pigs within each pen were bled on d 0, 10, and 35 with 7-mL samples collected via cardiac puncture into a heparinized (100 USP units of Na heparin) Vacutainer tube (Becton Dickinson, Franklin Lakes, NJ). Blood was placed on ice and transported to the laboratory for the determination of hemoglobin (Hb) concentration and percent hematocrit (Hct). The remaining blood was centrifuged at 2,200 × g at 5°C for 15 min with the remaining plasma stored at −4°C.
At weaning, 6 pigs were randomly selected from 3 different litters and killed with the liver tissue collected for micromineral and enzyme analyses. After 35 d, 1 pig per treatment pen was randomly selected and killed for tissue collection. Animals were electrically stunned and killed by exsanguination followed by the immediate removal of the liver, loin, heart, kidney, pancreas, and the frontal lobe of the brain. The liver, kidney, and heart Organic microminerals for nursery pigs were weighed. One lobe of the liver was frozen in liquid N for the later determination of liver enzyme activities, catalase (CAT), Cu/Zn superoxide dismutase (SOD), Mn SOD, and glutathione peroxidase (GSH-Px).
Laboratory Analytical Methods
Hemoglobin concentrations were measured (g/dL) by conversion of Hb and its derivatives to cyanmethomoglobin using reagents (Pointe Scientific Inc., Canton, MI). Cyanmethomoglobin was read on a spectrophotometer (Spectronic 20+, model 333182, Thermo Electron Corp., Madison, WI) set at 540 nm. Hematocrit was determined by the microhematocrit method using a micro-capillary centrifuge (model MB, International Equipment Company, Boston, MA).
Plasma ceruloplasmin oxidase (Cp) activity was determined at room temperature by spectrophotometry by the method of Lehmann et al. (1974) . Plasma GSHPx activity was determined by spectrophotometry using the procedure of Lawrence and Burk (1976) .
Diets and premix samples were finely ground (Cyclotec 1093, Tectator, Höganäs, Sweden) using a 1-mm screen. The samples were analyzed for their mineral contents using inductively coupled plasma methodology (PS 3000, Leeman Labs Inc., Hudson, NH) using appropriate standards (Leeman Labs Inc.) and known mineral concentrations with peach leaves (reference standard 1547) from the National Institute of Standards and Technology. Selenium was analyzed after samples were wet ashed in nitric and perchloric acid using the fluorometric method (method 996.16; AOAC, 2000) with peach leaves and bovine liver of known Se content from the National Institute of Standards and Technology as standards. Chloride was analyzed by a chloridometer (model 4-2008, Buchlert-Cotleve, Saddle Brook, NJ) .
Livers, heart, loin, and brain were individually ground through an industrial meat grinder (Hobart 4812, Hobart Corp., Troy, OH) using a number 12 die, whereupon they were mixed and reground. Subsamples were collected and placed in plastic Petri dishes, sealed with tape to prevent moisture loss, and frozen (−20°C). The grinder was dismantled, washed, and dried between samples. Tissues were freeze-dried and extracted of fat with diethyl ether (method 963.15; AOAC, 2000) . These dried fat-free samples were subsequently finely ground (Cyclotec 1093, Tectator, Höganäs, Sweden) using a 1-mm screen. Tissue samples were mixed and analyzed for their mineral content using inductively coupled plasma technology. After mineral analysis, their concentrations were calculated to a wet-tissue basis with percentage of DM reported in the tables.
Hepatic CAT activity was determined by modified procedure of Pradhan et al. (2000) . Liver GSH-Px activity was determined by the method of Paglia and Valentine (1967) with modifications by Lawrence et al. (1974) . The Cu/Zn SOD and Mn SOD activities were determined from the inhibition curve for each sample when the amount of supernatant resulting in 50% inhibition of the autoxidation of pyrogallol (Marklund and Marklund, 1974; Hill et al., 1999) . Protein concentrations were determined by the Lowry method (Lowry et al., 1951) . The NRC (1998) requirement per kilogram of diet during the 0-to 10-d period was provided from Bioplex: 6 mg of Cu, 100 mg of Fe, 4 mg of Mn, and 100 mg of Zn, whereas 0.30 mg of Se was a yeast product (SelPlex, Alltech Inc., Nicholasville, KY). The organic microminerals were added to meet 50, 100, and 150% of NRC (1998) at the expense of corn starch. Analysis of the premix was conducted, and the values were within an acceptable range. 6 The NRC (1998) requirement per kilogram of diet during the 10-to 35-d period was provided from Bioplex: 5 mg of Cu, 80 mg of Fe, 3 mg of Mn, 80 mg of Zn, and 0.25 mg of Se added from yeast (SelPlex; Alltech Inc.). The organic microminerals were added at a concentration to meet 50, 100, and 150% of NRC (1998) at the expense of corn starch. Analysis of the premix was conducted, and the values were within an acceptable range.
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Inorganic mineral salts during the 0-to 10-d period were supplied per kilogram of diet: 6 mg of Cu (sulfate), 100 mg of Fe (sulfate), 4 mg of Mn (oxide), 100 mg of Zn (sulfate), and 0.30 mg of Se from Na selenite added at the expense of corn starch. Analysis of the premix was conducted, and the values were within an acceptable range. 
Statistical Analysis
Data were analyzed as a randomized complete block design using the PROC MIXED procedure (SAS Inst. Inc., Cary, NC) with blood measurements also analyzed over time (weaning to 35 d). The enzyme and tissue mineral concentration data determined at weaning are considered as initial observations and are not included in the statistical ANOVA or in the time contrasts. Blood measurements, however, were analyzed at each period in repeated measurements and the appropriate time × treatment interactions determined. The statistical model included the effects of treatment, replicate, and treatment × replicate (error). Replicate was considered a random effect. The individual pen was the experimental unit for all performance and blood measurements. The individual pig (1 per pen) was considered the experimental unit for all tissues. Regression contrasts were determined for the 4 organic micromineral treatments (0, 50, 100, and 150%; NRC, 1998). The 100% NRC (1998) micromineral treatment was contrasted between organic and inorganic sources. Probabilities in the text are presented as P < 0.05 or P < 0.01. Least squares means of the treatments means are presented in tabular form.
RESULTS

Diet Micromineral Analysis
Mineral analyses of the unsupplemented basal diets (0% added microminerals) along with the NRC (1998) requirements identified for the 2 postweaning periods are presented in Table 2 . For the 0-to 10-d period, the innate mineral concentrations of Cu and Mn were adequate to meet NRC (1998) requirements, whereas Se and Zn were clearly inadequate. During the 10-to 35-d period the innate concentration of Cu, Fe, and Mn continued to be adequate, whereas Se and Zn were inadequate.
Performance Responses
Pigs fed the basal diet or those diets containing the organic or inorganic microminerals had no effect on ADG or ADFI during the 0-to 10-d period (Table 3) . However, during the 10-to 35-d and for the overall 0-to 35-d period, ADG (P < 0.01) and ADFI (P < 0.01) responses quadratically increased as dietary organic micromineral levels increased. These responses appeared to plateau at the 50% NRC micromineral level with no further response to additional microminerals. Pigs fed the basal unsupplemented diet had the least ADG and ADFI response during this latter period and for the overall 0-to 35-d postweaning period.
The G:F during the 0-to 10-d period was inconsistent between treatments but increased in a cubic manner for the 10-to 35-d (P < 0.05) and for the overall 0-to 35-d (P < 0.05) periods. However, pigs fed the 100% NRC diet as organic microminerals had greater (P < 0.05) G:F during the 0-to 10-d period than those fed the inorganic source, but failed to exhibit any difference during the 10-to 35-d postweaning period and for the overall 0-to 35-d period.
Approximately 3 wk into the trial, pigs fed the basal (0% added microminerals) diet exhibited a skin condition that resembled parakeratosis, along with depressed growth and a general unthriftiness. After the 35-d experimental period, these pigs were separated into 2 subgroups; one group continued to be fed the basal diet (n = 10), whereas a second group (n = 10) was fed a diet containing the 100% NRC requirement level from the organic micromineral mixture. Some of the pigs (n = 4) that continued on the basal diet, however, had to be killed because of their inability to recover and their continuing decline in body condition. Growth responses from these 2 groups of pigs, after a 3-wk period, indicated that those being fed the 100% NRC organic micromineral diet recovered from their initially depressed growth and their skin returned to its normal condition, whereas pigs that remained on the basal diet continued to exhibit a parakeratosis-like skin condition and reduced growth rate. Remaining pigs from both groups were subsequently killed with livers collected and analyzed for their micromineral contents. The pigs that were fed the supplemented diet compared with those fed the unsupplemented basal diet had liver mineral concentrations of Cu, 6.9 and 4.0; Fe, 144.0 and 81.2; Mn, 4.5 and 2.6; Se, 0.42 and 0.18; and Zn, 63.8 and 30.1 mg/kg of wet tissue, respectively.
Hematological Results
Hemoglobin and Hct concentrations and plasma Cp and GSH-Px activities for all treatment groups were similar at weaning (0 d; Table 4 ). By 10 d postweaning, Hb and Hct concentrations declined for all treatment groups, but by 35 d, they each increased as the dietary organic micromineral level increased. There was no increase when the basal diet was provided. These responses resulted in a time × dietary organic micromineral interaction (P < 0.01) for both Hb and Hct values from weaning to 35 d postweaning. There was no statistical difference in Hb or Hct values at each measurement period postweaning when pigs were fed the 100% NRC level of inorganic or organic microminerals.
Plasma Cp activities increased (P < 0.05) during each period postweaning when the basal diet was fed, with enzymatic activities being greater than those pigs fed the 2 micromineral sources and levels. Activities declined slightly from weaning to d 10, whereupon Cp increased by 35 d postweaning in all treatment groups. Although Cp activities increased from 10 to 35 d postweaning as the organic micromineral level increased, there was a time × organic micromineral level interaction (P < 0.01), indicating that when organic Organic microminerals for nursery pigs microminerals were fed Cp activity was decreased. Pigs fed the organic or inorganic microminerals provided at the 100% NRC level responded similarly at each measurement period between these 2 treatment groups.
Plasma GSH-Px activities increased from weaning to 35 d postweaning when pigs were fed the basal diet, but its activity was greater at 35 d postweaning when organic microminerals were supplemented (P < 0.01, Orthogonal polynomials (Q = quadratic and Cub = cubic).
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Eight replicates with 4 pigs per pen (n = 32 pigs per treatment). Basal diets were supplemented with organic microminerals at 50, 100, and 150% of NRC (1998), and inorganic microminerals were added at 100% of NRC (1998) requirements. Table 4 ). This resulted in a time × dietary micromineral interaction (P < 0.01). Plasma GSH-Px activity of pigs fed the 100% NRC level either as organic or inorganic microminerals did not differ statistically.
Liver Enzyme Activities
The CAT activity was less at weaning than at 35 d postweaning (Table 5) . At 35 d postweaning, CAT activity increased quadratically (P < 0.01) as the organic micromineral level increased from 0 to 150% NRC, but no difference existed between the 2 micromineral sources when provided at the 100% NRC level.
Liver Cu/Zn SOD activity was similar at weaning and at 35 d postweaning. However, pigs fed the organic micromineral 100% NRC diet had greater (P < 0.05) liver Cu/Zn SOD activities at 35 d than those fed inorganic microminerals at the 100% level.
Hepatic Mn SOD activity was similar at weaning and at 35 d postweaning. At the 35-d period, those pigs that were fed the basal diet tended (P = 0.06) to have a greater Mn SOD activity than pigs supplemented with organic microminerals. Hepatic Mn SOD activity did not differ when pigs were fed the 100% NRC levels provided from either organic or inorganic micromineral sources.
In this experiment, sows that received 0.30 mg of Se/ kg in their diets resulted in their progeny having an adequate Se status at weaning. By 35 d postweaning, pigs fed the basal diet had less liver GSH-Px activity than at weaning, whereas those fed organic microminerals had greater activities that increased linearly (P < 0.01) at 35 d postweaning. Although liver GSH-Px activity was numerically greater when inorganic microminerals were provided at the 100% NRC level, the difference between micromineral sources was not statistically significant.
Tissue Mineral Concentrations
Tissues having different functions and, therefore, possibly different metabolic needs for microminerals were selected for mineral analysis. Storage (liver), muscle (heart and loin), secretory (pancreas), excretory (kidney), and neurological (frontal lobe of the brain) tissues could therefore differ on a relative (mg/g or µg/g) or quantitative basis for these microminerals. Quantitative measurements were calculated from the various tissues to demonstrate if the effect of increasing micromineral intake could affect total mineral retention in these tissues. Orthogonal polynomials (Lin = linear, Q = quadratic, and Cub = cubic).
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Pigs were bled and individually analyzed, and the pen average was the experimental unit.
4
There were time × treatment interactions (P < 0.01) for hemoglobin, hematocrit, and ceruloplasmin oxidase activity.
5
Ceruloplasmin activity/mL = the change in absorbance between tubes incubated for 5 and 15 min and the molar absorptivity of the substrate (o-dianisidine dihydrochloride) consumed (IU/mL of plasma). 6 GSH-Px activity/mL = glutathionine peroxidase activity as micromoles of GSH-Px oxidized per minute using the molar extinction coefficient of 6.22 × 10 3 for reduced NAD phosphate. No. of pigs Pigs were randomly selected at weaning with tissue collected for these analyses and served as an initial value of the young piglets with mean and SD.
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Orthogonal polynomials (Lin = linear, Q = quadratic).
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Catalase activity unit is defined as the amount of catalase needed to decompose 1 µmol of H 2 O 2 per min and is expressed on a liver protein basis.
5
Enzyme unit is defined as the amount superoxide dismutase (SOD) necessary to inhibit autoxidation of pyrogollal by 50%, with units expressed on a liver protein basis.
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Enzyme units are calculated as micromoles of glutathione peroxidase (GSH-Px) oxidized per minute using a molar extinction coefficient of 6.22 × 10 3 for reduced NAD phosphate and is expressed on a liver protein basis. Organic microminerals for nursery pigs Liver weights increased quadratically (P < 0.01) when expressed as percentage of BW, or linearly (P < 0.01) as the dietary organic micromineral level increased (Table 6 ). Pigs fed inorganic microminerals at the 100% NRC level also had greater liver weights (P < 0.01) when expressed as percentage of BW (P < 0.01) than pigs fed the organic microminerals.
Hepatic concentration (µg/g) of all microminerals, except Mn, was greater at weaning than at 35 d postweaning. When the organic microminerals were supplemented, the relative concentrations of Mn and Zn increased quadratically (P < 0.01), whereas Se increased linearly (P < 0.01). When each source was provided at 100% NRC, there was no statistical difference in the relative concentration of microminerals between the 2 micromineral sources. When the quantitative amounts of microminerals in the liver were calculated, Cu, Fe, and Zn concentrations each increased linearly (P < 0.01), whereas Se increased quadratically (P < 0.01) as the organic micromineral content increased. Total Mn increased as the micromineral level increased to 50% but then declined in a quadratic manner (P < 0.01) as organic microminerals increased. In the 100% NRC diets, Cu, Fe, and Zn were greater (P < 0.01) when the inorganic microminerals were fed, whereas there was no statistical difference in Mn and Se between the 2 micromineral sources.
The kidney excised from each animal at slaughter had the lightest weight when the basal diet was fed but increased in a cubic (P < 0.05) manner with increasing dietary organic micromineral levels (Table 7) . However, when expressed as a percentage of BW, there was no treatment difference in the relative weight of the kidney between treatment groups.
Kidney Cu, Fe, and Zn concentrations (µg/g) increased quadratically (P < 0.01) as dietary organic micromineral levels increased. Although there was also a numerically greater concentration of Mn and Se in the kidney as dietary organic micromineral levels increased, the responses were not statistically significant. The kidney had a greater (P < 0.05) relative concentration of Se when the inorganic Se source was fed than when the organic source was provided. However, expressing the data on a total basis, all microminerals (Cu, Fe, Mn, Mn, Se, and Zn) increased in a quadratic or linear (P < 0.01) manner as the dietary organic microminerals increased. The greatest quantitative increase was between pigs fed the basal diet and those fed diets with micromineral supplementation, indicating that the greater BW of pigs was the principal factor that resulted in their greater total micromineral content. Kidney mineral concentration was similar when either organic or inorganic micromineral sources were fed at the 100% NRC level.
Heart weight was greater (quadratic, P < 0.01) when organic microminerals were fed compared with pigs fed the basal diet, but there was no apparent difference between the 2 micromineral sources fed at the 100% NRC level (Table 8) . Heart micromineral concentrations (µg/g) demonstrated that Cu did not increase, but Fe (quadratic, P < 0.05), Se (linear, P < 0.01), and Zn (quadratic, P < 0.01) each increased, whereas Mn decreased (cubic, P < 0.05) as the dietary organic micromineral levels increased. When expressed on a total basis, heart concentrations of Cu, Fe, Se, and Zn increased quadratically (P < 0.01) as the dietary organic micromineral level increased, whereas Mn content was unaffected, again reflecting the increased BW between pigs fed the basal diet and those fed supplemental microminerals. The microminerals had similar relative concentrations of Cu, Fe, Mn, and Zn when pigs were fed the 100% NRC level from either dietary micromineral source, but Se was greater (P < 0.01) when the organic microminerals were fed. On the other hand, when expressed on a quantitative basis, the microminerals did not differ statistically between the 2 sources.
Because we did not completely remove all of the loin muscle, pancreas, or brain tissues, the results are presented only on a relative (µg/g) basis in Table 9 . All microminerals in the loin muscle were unaffected by the dietary organic microminerals, except Se, which increased linearly (P < 0.01) as the dietary organic micromineral level increased. Loin Se was greater (P < 0.01) when the organic micromineral source was fed at the 100% NRC level.
Pancreatic Cu (quadratic, P < 0.05), Se (linear, P < 0.01), and Zn (quadratic, P < 0.01) concentrations each increased as the dietary organic microminerals increased. There was no difference in pancreatic micromineral content when the 2 micromineral sources were provided at the 100% NRC level.
The microminerals Fe, Se, and Zn in the frontal lobe of the brain were least when the basal diet was fed. An increase in Cu (quadratic, P < 0.05), Fe (quadratic, P < 0.05), Se (linear, P < 0.01), and Zn (quadratic, P < 0.01) occurred when organic microminerals were fed from the 0 to 150% NRC level. Selenium was the only brain micromineral concentration that differed (P < 0.05) when the organic source was compared with the inorganic micromineral source between the 100% NRC diets.
DISCUSSION
Sources of the essential microminerals for pigs during the postweaning period originate from maternal supplies and, thus, the body stores of the pig at weaning, and the innate and supplemental microminerals provided in the nursery diets. Although feed intake is generally low during the initial days postweaning, the apparently greater micromineral status of pigs at weaning is one of the probable reasons for their lack of performance response to dietary micromineral sources and levels provided. However, during the subsequent 10-to 35-d period, there were positive ADG, ADFI, and G:F responses to the dietary inclusion of microminerals. As Organic microminerals for nursery pigs a result, these responses demonstrated that a dietary supply of essential microminerals is necessary for weanling pigs to achieve optimum growth and feed utilization responses. An analysis of the basal diets implies that Cu and Mn microminerals may meet the requirements of the pig postweaning, whereas the micromineral analyses of Se, Fe, and Zn were inadequate to meet the needs of the pig.
Growth rate and feed utilization criteria are, however, not generally considered a reliable indicator for as- Orthogonal polynomials (Lin = linear, Q = quadratic, and Cub = cubic). Orthogonal polynomials (Lin = linear and Q = quadratic).
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Manganese was less than the detection level of the equipment used for brain tissue.
sessing micromineral requirements. Responses to individual minerals cannot be directly determined from our experiment because we used all essential microminerals and they were provided at a constant ratio to the total requirements as identified by NRC (1998). We wanted to assess if supplemental microminerals were necessary and if the innate microminerals were adequately available to detect differences in pig performances, tissue concentrations, and enzymatic activities in blood and hepatic tissue. We did not add phytase to these diets because we wanted to evaluate the effects of the innate microminerals contributed from the feedstuffs on their resulting tissue concentrations and hepatic enzyme activities without the effects of this supplemental feed enzyme. It should also be noted that we intentionally did not use the commonly used macromineral sources (i.e., limestone, dicalcium phosphate) because they are known to have an increased content of some microminerals, particularly Fe and Mn (NRC, 1998) .
By analysis, the Fe concentration in the basal diet was marginal during the 0-to 10-d period, but exceeded the NRC (1998) requirement from 10-to 35-d postweaning. The Hb and Hct values, however, declined continually during the postweaning period when the basal diet was fed, but increased when microminerals were provided in the diets. This implies that the bioavailability of the innate Fe in the feedstuffs used in our experiment was not adequate to meet the needs of the weaned pig. Rincker et al. (2004) and Jolliff and Mahan (2009) reported an improvement in ADG when 150 mg/kg of Fe was supplemented to weanling pig diets as ferrous sulfate. These studies in combination with our results indicate that the innate Fe was not adequate to maintain blood hematology of pigs.
The CAT enzyme that requires Fe was responsive to dietary micromineral supplementation postweaning. Liver CAT activity was less at weaning than that reported by Hill et al. (1999) but their response was with heavier 21-d-old pigs, whereas our study was conducted with a lighter and younger pig. This enzyme is important as a component in the antioxidant response system, but may also reflect Fe and other antioxidant mineral needs of the pig. Consequently, this enzyme should not be limiting during stress and increased growth rate conditions such as at weaning. The greater CAT enzyme activity, along with the greater Hb and Hct values at 35 d postweaning, confirms that the pig has a need for supplemental Fe. Rincker et al. (2005) further demonstrated that Fe regulatory proteins in the small intestine that control posttranscriptional expression of proteins involved in uptake and storage of Fe are less postweaning than at weaning. This latter measurement may indicate whether a diminishing supply of Fe may hinder postweaning absorption and metabolism of Fe, and thus affect subsequent Hb and Hct production.
Our analysis of the basal diet indicated that Se was inadequate for the weaned pig. Plasma and liver GSHPx enzyme activities and tissue Se concentrations all increased from 0 to 35 d postweaning. The GSH-Px enzyme activity responded positively to supplemental organic microminerals, most likely because of its organic Se contribution as selenomethionine. It was also of interest that Se increased in brain tissue (frontal lobe) as the dietary concentration of organic Se increased and that when the organic Se source was provided at 100% NRC, the brain Se concentration was greater than when the inorganic source was fed at 100% NRC. This implies that organic Se as selenomethionine may more easily cross the blood-brain barrier with an AA transport system than inorganic Se. However, when Se was provided as Na selenite or as organic Se, there was an increase in plasma and liver GSH-Px activity from both Se sources over pigs fed the basal diet. These results demonstrate that both Se sources were effective in the synthesis of this enzyme, but they are retained differently in tissues. This is consistent with the data of Mahan and Parrett (1996) and Mahan et al. (1999) .
The innate Zn content in both postweaning basal diets was analytically less than the NRC (1998) requirement. In this study, pigs fed the basal diets showed skin lesions within 3 wk of weaning, which was attributed to a Zn deficiency or a micromineral interaction that could alter Zn utilization. The thickened, dark, cracked, and fissured skin, along with reduced growth and feed intake, are classical signs of parakeratosis (Tucker and Salmon, 1955) . As noted earlier, when the nursery trial was completed and a portion of pigs were fed a diet supplemented with additional microminerals that included Zn, the skin condition disappeared and hepatic mineral concentrations increased. However, when Hill et al. (1983) fed a corn soybean meal diet without added Zn to 30-kg gilts, they showed no signs of skin lesions, whereas our pigs initially weighed 6 kg and developed skin symptoms similar to parakeratosis. This implies that weaning pigs weighing ≤7 kg of BW and consuming a diet with a reduced Zn content that probably precipitated this condition during the postweaning period. Although it was the combination of organic microminerals added to the diet, which was fed to the one subset of pigs, which resulted in the disappearance of deficiency signs in the skin, the results imply that the responsible mineral was Zn. Earlier weaning and lighter BW are commonly employed in many swine operations that may produce a reduced Zn status that undoubtedly alters body stores at weaning. The effect of using pharmacological Zn levels in preventing this malady is also not known.
The hepatic Zn/Cu SOD activities did not differ between treatment groups. This antioxidant enzyme is known to be more responsive to inadequate Cu than Zn (O'Dell, 1967) . Thus, with an adequate supply of Cu, as analyzed in the basal diet, it is possible that this antioxidant enzyme was not reduced by the limited amounts of Zn in the basal diet. The innate Cu in our basal diet appeared to be sufficient to maintain the activity of the Zn/Cu SOD enzyme. When inorganic and organic microminerals were provided at 100% NRC, the hepatic Zn/Cu SOD activities were greater with organic microminerals compared with inorganic minerals, implying that the organic microminerals may have stimulated the activity of this enzyme.
Activity of Cp oxidase, a Cu-requiring enzyme, increased in the plasma of pigs fed the basal diet. This increase may reflect the conditions of a low Fe status (Peters and Mahan, 2008) or more Cu is needed as previously reported by Milne and Matrone (1970) and Hill et al. (1999) . It is known that Cp activity increases in response to stress; hence, even if Cu is adequate, the lack of adequate nutrition does result in stress to the young growing pig (Hill and Spears, 2001) . Because Cp oxidase serves a role in antioxidant management in the pig, this enzyme may be increased to protect tissue from oxidants. The Mn SOD enzyme is also involved in managing oxidative stress. The greater activity of the MnSOD enzyme when pigs were fed the basal diet may also assist in the validation of the biological stress created by inadequate nutrition for the weanling pig.
As the concentration of dietary organic microminerals increased, so did the total amount of microminerals deposited in the liver. Although there also was a quantitative increase in microminerals in the heart and kidney, much of this increase was attributed to their greater BW and greater heart and kidney weights when the basal was fortified with microminerals, whereas the microminerals continually increased in liver tissue at dietary treatment level increased. The plateau in microminerals in the heart and kidney at 100% NRC also indicates that these organs may have reached their maximum ability to retain the microminerals. The liver is considered a storage organ for many microminerals. Certainly, there are data showing that hepatic mineral concentrations can become even greater when greater dietary levels are fed (Hill et al., 1983; Hill and Spears, 2001) . The storage of microminerals in the liver becomes important as a labile source of microminerals to the animal when a deficiency is imminent, whereupon they can be transported to various body tissues to enable various biological functions. It is of interest to note that pigs fed inorganic microminerals had larger livers and greater total micromineral contents than the corresponding treatment group containing organic microminerals. The effect of this greater liver weight in pigs fed inorganic microminerals is unknown, but implies that the hypertrophy of this tissue may have been responsive to micromineral source and level.
Although total loin, brain, and pancreatic tissue were not removed at slaughter, their relative concentrations appeared to be constant, especially when supplemental microminerals were provided. Our study evaluated the frontal lobe and showed a 9% reduction in Zn concentration in the frontal brain lobe after a 35-d period when the basal diet was fed.
In conclusion, our results demonstrate that the weanling pig has a dietary need for microminerals, but during the initial period postweaning, there may be adequate body reserves derived from the lactation period such that it curtails an imminent deficiency. The data indicate that the innate minerals provided from the feedstuffs used in our experiment may have provided adequate Cu and Mn, but there was a supplemental need for Fe, Se, and Zn. It would appear that enzyme syntheses that require these microminerals occur at a greater priority in weanling pigs. In addition, the supplemental level of some microminerals required may be less than that found in many dietary micromineral premixes.
